and William T. Garrard* Nonbiased V gene usage for V(D)J joining is essential for providing an optimal immune system, but no cis-acting sequence with this function has been uncovered. We previously identified a recombination silencer and heterochromatin targeting element in the Vk-Jk intervening sequence of germline Igk transgenes, which we termed Sis. We now have generated Sis knockout mice in the endogenous locus. Intriguingly, Sis 2/2 mice exhibit a skewed Igk repertoire with markedly decreased distal and enhanced proximal Vk gene usage for primary rearrangement, which is associated with reduced occupancy of Ikaros and CCCTC-binding factor in the Vk-Jk intervening sequence in pre-B cells, proteins believed to be responsible for dampening the recombination of nearby Vk genes and altering higher-order chromatin looping. Furthermore, monoallelic heterochromatin localization is significantly reduced in Sis 2/2 mice for Igk in cis and IgH loci in trans in pre-B cells. Because Sis 2/2 mice still allelically excluded
D
uring B cell development, the mouse IgH and IgL loci become activated in a step-wise manner for gene rearrangement. The IgH gene rearranges first, by sequential D-J and then by V-(D)J joining, leading to the pro-and pre-B cell stages of development, respectively (1) . The Igk locus is poised for rearrangement in pre-B cells; upon appropriate signaling, one of the 96 potentially functional Vk genes is semirandomly selected for recombination to a Jk region (2) . These events are accompanied by the sequential monoallelic silencing of the allelic partners of the functionally rearranged IgH and IgL loci (3) .
A nearly unlimited Ab repertoire is generated in B lymphocytes by the processes of V(D)J recombination, receptor editing, somatic hypermutation, and transcription levels of rearranged genes (4, 5) . For the immune system to efficiently recognize a broad spectrum of invading pathogens, this diversity in the repertoire is essential. Furthermore, misregulated or incorrect repertoire specification can trigger autoimmunity (6, 7) . Recent evidence emerged that nuclear organization and locus contraction/decontraction of Ig loci contribute to repertoire specification. The mouse Ig loci exhibit cell type and differentiation-dependent nuclear reorganization events, which are associated with the regulation of gene rearrangement and gene silencing (e.g., allelic exclusion) (reviewed in Refs. 3, [8] [9] [10] . Results from three-dimensional DNA fluorescence in situ hybridization (3D DNA FISH) experiments revealed that the IgH and Igk loci exhibit homologous allele pairing, accompanied by contraction and looping of V genes, which juxtaposes them near Dh or Jk regions in preparation for rearrangement (11) (12) (13) (14) (15) (16) . Furthermore, reduced contraction of IgH loci results in a skewed repertoire, with proximal Vh genes being preferentially used (12, (17) (18) (19) , whereas persistent contraction results in greater distal Vh gene rearrangements (20) . Decontraction occurs after rearrangement (12) , and the allelic partners of the functionally rearranged IgH and Igk alleles become positioned adjacent to pericentromeric heterochromatin and silenced (21) , through transient IgH-Igk monoallelic pairing (20) .
Several years ago, we discovered a cluster of four DNase I-hypersensitive sites within Igk-locus-chromatin that reside in the intervening sequence between the closest Vk gene and the Jk region, which we termed silencer in the intervening sequence (Sis), based on the results of functional assays with reporter gene constructs (22) . In subsequent studies, we showed that Sis acted as a recombination silencer and could target germline Igk transgenes to pericentromeric heterochromatin in pre-B cells and that the element was associated with Ikaros (23), a protein that localizes with silenced Ig genes at pericentromeric heterochromatin (21, (24) (25) (26) . More recently, Feeney and coworkers (27) found that Sis also possesses bound CCCTC-binding factor (CTCF) in pre-B cells, a protein known to mediate silencing and DNA looping in other systems (28) (29) (30) (31) (32) .
In view of these intriguing features of Sis, we undertook the present investigation to determine the effects of deleting this element from the endogenous locus on Igk gene dynamics. In our analysis of Sis function, we focused largely on the pro-and pre-B cell stages of development, which mark the points of activation and silencing of IgH and Igk loci, respectively. This approach led to unexpected novel findings. Significantly, we found that Sis is required for pericentromeric positioning for the Igk loci in cis, as well as for the IgH loci in trans in pre-B cells. Furthermore, Sisdeleted alleles exhibited a skewed Igk repertoire, with markedly decreased distal and enhanced proximal Vk gene usage for rearrangement. Such skewing correlated with reduction in the occupancy of Ikaros and CTCF in the Vk-Jk intervening sequence. We concluded that Sis is a novel multifunctional cis-acting element that specifies repertoire and a cis-and trans-chromosomal subnuclear-targeting sequence.
Materials and Methods

Mouse strains
Mice possessing a 3.7-kb deletion of the Sis element in the endogenous Igk locus were generated by standard embryonic stem (ES) cell-targeting technology; germline-transmissible mice were bred with Cre recombinaseexpressing MORE (33) mice to obtain Sis and neo r deletion mice (Supplemental Fig. 1 ). Mice bearing a Vk8Jk5 knocked-in Igk gene were kindly provided by Martin Weigert (34) of Princeton University. Mice bearing a human Ck knocked-in gene were kindly provided by Michel C. Nussenzweig of Rockefeller University (4) . The m + transgenic mice and Rag1 2/2 mice were kindly provided by Mark Schlissel of the University of California, Berkeley. All mice were used in accordance with protocols approved by the University of Texas Southwestern Medical Center Institutional Animal Care and Use Committee.
Flow cytometry and cell fractionation
Single-cell suspensions were prepared from bone marrow and spleens of 6-14-wk-old mice, as described (35) . Generally, we pooled bone marrow or splenic cells from two or three animals of the same genetic background. Single-cell suspensions were stained with Abs and analyzed using FACSCalibur with CellQuest software (BD Bioscience, San Diego, CA) or FlowJo software (Tree Star, Ashland, OR 
Igl
+ splenic B cells also were sorted on a MoFlo machine. Igk + cells were isolated by positive selection using biotinylated anti-Igk Abs (BD Bioscience) and MACS columns (Miltenyi Biotec, Auburn, CA). The following Abs were used: anti-c-Kit-PE, anti-IgM-biotin, anti-CD43-biotin, anti-B220-biotin, anti-mouse Igk-biotin, anti-CD21-FITC, anti-CD25-PE, anti-CD19-FITC, anti-B220-PE, anti-mouse Igk-PE, streptavidin-PECy5 (all from BD Bioscience), anti-human Igk-FITC, antiIgM-FITC, anti-IgD-FITC, anti-IgM-allophycocyanin, anti-CD23-allophycocyanin, and streptavidin-allophycocyanin (all from Southern Biotech, Birmingham, AL).
Analysis of Igk gene rearrangement, RS rearrangement, and germline Vk gene and Jk region transcription Genomic DNA was purified from sorted B cell populations, as described previously (36) . The percentage of unrearranged Igk germline alleles (kGL) was determined by a real-time PCR assay, as described previously (37) . Briefly, the forward and reverse primers are complementary to sequences upstream and downstream of Jk1. kGL levels were normalized to the levels of a b-actin genomic region. The percentage was calculated by dividing the kGL levels in wild-type (WT) or Sis 2/2 pre-B cells by those in ES cells. For real-time PCR analysis of individual Vk-Jk1 rearrangements, forward primers specific to different Vk exons and a reverse primer complementary to the Jk1 to Jk2 intron region were used (primer sequences are listed in Supplemental Table I ). Different Vk-Jk1 rearrangements were determined quantitatively by using the power SYBR Green PCR Master Mix in the 7300 real-time PCR system (Applied Biosystems, Los Angeles, CA). PCR was performed based on manufacturer's protocols, and each PCR assay was carried out in duplicate or triplicate. Relative rearrangements were calculated using the ΔC t method, according to the manufacturer's instructions, and normalized to a b-actin genomic region. For Igk-repertoire analysis, the VkD primer (38) and a primer in the Jk1 intron were used to amplify Vk-Jk1 rearrangements, or the VkD primer and the Jk5R primer downstream of Jk5 were used to amplify Vk-Jk5 rearrangements; resulting PCR products were gel purified and subcloned into the PGEM-T vector (Promega, San Luis Obispo, CA). Determined sequences of Vk genes in each clone were identified by the IgBlast program (National Center for Biotechnology Information, Bethesda, MD). N-and P-nucleotides were determined as described elsewhere (39) .
To assay for RS rearrangement, B220 + Igl + B cells were sorted from splenocytes, and genomic DNA was purified. Real-time PCR was performed with the VkD and the RS101 primer (40) (Supplemental Table I ). Relative rearrangements were calculated using the DC t method, according to the manufacturer's instructions, and normalized to a b-actin genomic region.
To examine Igk gene germline transcription, total RNA was extracted from 1 3 10 6 MoFlo-sorted pre-B cells using TRIzol reagent (Invitrogen, Carlsbad, CA). Then, RNA was treated with DNase I (Invitrogen) and was reverse transcribed into cDNA with an iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Richmond, CA). For real-time PCR analysis of individual Vk gene's germline transcripts, forward primers specific to different Vk gene exons and a reverse primer complementary to the downstream RSS region were used (Supplemental Table I ). For analysis of transcripts arising from the 59 germline promoter upstream of the Jk1 region, a forward 59GT-f primer annealing immediately downstream of the promoter region and a reverse Ck-r primer annealing in Ck exon were used in real-time PCR assays (Supplemental Table I ). Transcript levels were calculated using the DC t method, according to the manufacturer's instructions, and normalized to the cDNA levels of the mouse b-actin gene.
Fluorescence in situ hybridization and three-dimensional imaging
Probes for 3D FISH were prepared from bacterial artificial chromosomes (BACs). RP23-119K14, RP23-26A6, and RP24-387E13 correspond to the 59, middle, and Ck region of the Igk locus, respectively. CT7-526A21 and RP23-451B13 are BACs corresponding to the 59 Vh region and Ch region of the IgH locus. The g-satellite probe was gel isolated from pgSat after NotI/SalI digestion (41) . To make probes for each slide, 1 mg BAC DNA samples were labeled by nick translation with ChromaTide Alexa Fluor 488-5-deoxyuridine triphosphate (dUTP), ChromaTide Alexa Fluor 594-5-dUTP (Molecular Probes, Invitrogen, Carlsbad, CA), or dUTPindodicarbocyanine (Cy5; GE Healthcare, Piscataway, NJ) and precipitated with 1 mg mouse Cot-1 DNA (Invitrogen) plus 1 mg mouse Hybloc DNA (Applied Genetics Laboratories). Cot-1 DNA and mouse hybloc DNA were not used for making the g-satellite probe. Z stacks with sections separated by 0.3 mm were analyzed by confocal microscopy using a Leica SP5 instrument, and distances were measured using a plug-in of ImageJ software (42) . Hybridization conditions were as described previously (24) . Briefly, sorted cells were washed three times in PBS, fixed on poly-L-lysine-coated slides for 30 min with fixation permeabilization buffer (20 , and washed three times in PBS and twice (15 min/wash) with sodium borohydride solution (1 mg/ml prepared freshly in water). The samples were sequentially incubated with PBS with 5% goat serum/5% FCS for 30 min and for 1 h with RNase (100 mg/ml in PBS), washed in PBS, and the chromosomal DNA was denatured by placing the coverslips in 1 M NaOH for 2 min and rinsing immediately in ice-cold PBS prior to applying DNA probes. Hybridization was performed overnight at 37˚C in humidified chambers. Slides were washed in the dark in 23 SSC for 30 min at 37˚C, 23 SSC for 30 min at room temperature, and 13 SSC for 30 min at room temperature and then were mounted in ProLong Gold (Invitrogen) mixed with 1.5 mg/ ml DAPI. , m + transgenic animal models were used for each ChIP experiment. ChIP experiments were conducted according to the protocol of Millipore. Rabbit anti-CTCF Abs (07-729), rabbit anti-H3-Ac Abs (06-599), and rabbit antiH3K4me3 Abs (07-473; all from Millipore) were used for ChIP; normal rabbit IgG (Invitrogen) was used as controls. Real-time PCR was performed and quantitated using the 7300 Real Time PCR System (Applied Biosystems) with SYBR Green, as described above, and enrichment of target regions in ChIP was normalized to an a-actin gene sequence (primer sequences are listed in the Supplemental Table I ). (Fig. 1D , 19 6 5% versus 21.4 6 2%; n = 7; p = 0.27, Student t test). We concluded that deletion of Sis caused no significant defects in B cell development or in cell surface Ig expression in spleen and bone marrow cells.
Chromatin immunoprecipitation
Results
Sis
Sis specifies pericentromeric heterochromatin positioning of Igk loci in cis and IgH loci in trans in pre-B cells
During the pro-to pre-B cellular transition, Igk and IgH loci become repositioned monoallelically into pericentromeric heterochromatin; furthermore, this monoallelic deposition of IgH alleles into heterochromatin requires their transient close physical association with Igk alleles, which is dependent on the Igk gene's 39 enhancer (12, 20, 26) . Because our previous studies demonstrated that Sis can specify pericentromeric heterochromatin positioning to germline mouse Igk transgenes in pre-B cells (23), we wanted to determine whether Sis would be the essential element for this process to occur in the endogenous locus. In addition, we wished to address how deletion of Sis may affect the interchromosomal association between one Igk allele and one IgH allele and their colocalization to heterochromatin. For these purposes, we performed three-color 3D DNA FISH, using a 59 Igk probe shown as red, a 59 IgH probe depicted as green, and a gsatellite probe represented as blue, on FACS-isolated pro-and pre-B cells from the bone marrow of WT and Sis 2/2 mice. Fig. 2A and 2B show representative confocal optical sections of probehybridization patterns for single nuclei of these samples. The pair of sections presented from single cells in the upper and lower subpanels permit visualization of the two Igk and the two IgH alleles and assessment of their possible localization with respect to heterochromatin. Bar graphs reflecting the percentages of heterochromatin localization are shown in Fig. 2C . samples (p , 0.01). In addition, these results were highly reproducible in several repeat experiments (Supplemental Table  IIA -C). These observations allowed us to conclude that Sis plays a major role in targeting of Igk and IgH loci to heterochromatin domains in pre-B cells. We also noted a small, but statistically significant, increase in biallelic localization in heterochromatin of Igk and IgH loci in Sis 2/2 pre-B cells that could be judged only when we repeated these experiments three or four times, so that measurements from 276-440 samples could be pooled (p , 0.04) (Supplemental Table IID ). Thus, Sis also seems to play a modest role in counteracting biallelic localization in heterochromatin. Previous studies also showed that one IgH allele and one Igk allele exhibited significant interchromosomal pairing in pre-B cells, which is operationally defined as Igk alleles that are ,0.5 mm away from IgH alleles (20) . Because we used three-color 3D DNA FISH, we were also able to quantitate such pairing in these same specimens. As shown in the bar graphs in Fig. 2D , like WT alleles, ∼20% of Sis alleles are ,0.5 mm away from IgH alleles in pre-B cells. Analysis of these data using the Fisher exact test revealed that the frequency of association was not significantly different between WT and Sis 2/2 samples (p , 0.68) (Supplemental Table   IIE ). We concluded that Sis is a cis-and trans-chromosomal subnuclear-targeting sequence for monoallelic pericentromeric heterochromatin localization of Igk and IgH alleles in pre-B cells, but that Sis is not required for the monoallelic pairing of Igk and IgH alleles. The mouse Igk locus possesses 96 potentially functional Vk genes, and 65 of these genes are in the reverse-transcriptional orientation with respect to the Jk-Ck region (2) . Rearrangement of forward-orientation Vk genes will result in deletion of Sis from the WT locus, whereas rearrangement of reverse-orientation Vk genes from the WT locus will result in repositioning of Sis upstream in the locus by inversion. The closest Vk gene in the reverse orientation is Vk19-13, which resides 265 kb from Jk1, whereas the furthest Vk gene in the reverse orientation is Vk9-126, which resides 2780 kb from Jk1 (2). In addition, repeated rearrangement events occur in the locus due to receptor editing. Primary rearrangement events preferentially use Jk1 (45, 46) , reserving the downstream Jk regions for receptor editing (4, 34, 40, 47, 48; reviewed in Ref. 49) . Considering these issues, we looked more closely at the effect of Sis on the rearrangement of forward-and reverse-orientation Vk genes Jk1, as well as for their repeated rearrangement, likely exemplified by Vk-Jk5 rearrangements. We previously demonstrated that Sis acts as a silencer for the rearrangement of forward-orientation Vk genes located $190 kb away from Jk1 when present in ectopically integrated germline mouse Igk transgenes (23) . To investigate whether deletion of Sis would also alter the pattern of primary Vk gene usage in the native locus, we first used real-time PCR to quantitate relative Vk-Jk1 gene rearrangement levels for 14 Vk genes located in segments of the locus spanning 3 Mb in forward or reverse orientations (Fig.  4A) . In IgM 2 pre-B cells and in k + bone marrow and splenic cells, the individual Vk gene-rearrangement levels differed markedly for Sis-deleted alleles from those of WT (Fig. 4B-D) . However, total rearrangement levels for Sis-deleted alleles, as assayed with a degenerate Vk gene primer (VkD), were similar to those of WT (Fig. 4B-D) , as were rearrangement levels for members of the abundant, centrally located reverse-orientation Vk4 gene family, as assayed for using a degenerate Vk4D primer (data not shown). Interestingly, the forward-orientation Vk21 genes closest to the Jk region were 4-fold preferred for Vk-Jk joining, and those further away, such as Vk2,9,24,32 family members, showed a 3-fold reduction in rearrangement levels relative to those of WT (Fig. 4B - D). The fairly closely positioned reverse-orientation Vk19-15 gene also exhibited a significant increase in usage in Sis 2/2 splenic and pre-B cells (Fig. 4B, 4D ). To validate these results by an independent approach, we cloned and sequenced VkD-Jk1 PCR-amplification products from the mice were similarly identified as above. PCR results, we found that the usage of the most proximal 32 Vk genes was increased ∼3-fold in Sis 2/2 samples relative to those of WT, including members in forward and reverse orientations in the Vk13-32 group, whereas the usage of the most distal Vk118-140 group of forward-orientation genes that was used in WT samples was decreased ∼5-fold in Sis 2/2 samples (Fig. 4E) . Most of the Vk genes in the middle of the locus in either orientation exhibited normal usage, with the exception the reverse-orientation Vk49 to Vk70 gene cluster, which exhibited reduced usage in Sis 2/2 samples (Fig. 4E ). This skewed repertoire was also reflected at the level of RNA expression, because proximal Vk gene transcripts were increased ∼5-8-fold in splenic tissue from Sis 2/2 mice relative to those of WT mice, as revealed by real-time RT-PCR assays with isolated RNA samples (data not shown). As expected, the percentages of N-and P-nucleotides and in-frame recombination junctions were nearly identical between WT and Sis
2/2
pre-B cell samples (data not shown), indicating that Vk-Jk recombination products are functional in Sis 2/2 mice and that the timing of Vk-Jk rearrangement was not affected by Sis deletion. In conclusion, although the total Vk-Jk rearrangement level was not affected by deletion of Sis, the pattern of primary Vk gene usage was markedly altered. The results suggested that Sis is a negative regulator of the usage of proximal Vk genes located at distances #650 kb away from Jk1, regardless of their orientation, and a positive regulator of distal Vk genes located at distances from 3166-2617 kb away from Jk1, regardless of their orientation. Finally, to address whether the presence of Sis might have an impact on repeated rearrangements in the locus during receptor editing, we cloned and sequenced VkD-Jk5 PCR-amplification products from the DNA of WT and Sis 2/2 pre-B cells. The most dramatic difference between Vk gene usage in primary and edited rearrangements was the pattern seen in the distal upstream Vk118-140 group, which included Sis-independent usage of Vk gene members in both orientations (compare Fig. 4E with Fig.  4F ). We hypothesized that these rearrangements to Jk5 are occurring on WT alleles that have already deleted Sis as a result of earlier deletional rearrangements. Finally, we still observed Sisdependent inhibition of rearrangements for the Vk13-32 group for Jk5 rearrangements, which includes usage of Vk gene members in both orientations, as well as for the forward-orientation Vk1-12 group (compare Fig. 4E with Fig. 4F ). We interpreted these results to indicate that after inversional primary rearrangements and movement of Sis upstream, at the very least 265 kb away from Jk1, Sis is inhibitory to the repeated rearrangement process when it is present within ∼650 kb from the Vk gene selected for rearrangement, regardless of the position of the Vk gene in the locus. Presumably, primary rearrangement events leading to inversion and placement of Sis upstream in the locus, but still in proximity with the Vk1-32 gene groups, leads to these results. The Journal of ImmunologyJk region usage, Igk gene germline levels, and RS recombination seem to be normal in B cell populations from Sis 2/2 mice Our above results revealed that primary Vk gene usage is skewed in Sis 2/2 B cells but that overall primary rearrangement levels for Sis-deleted alleles, as assayed with a degenerate Vk gene primer (VkD) to Jk1, were similar to those of WT (Fig. 4B-D) . We performed additional PCR assays to further address other aspects of primary and edited rearrangement events. We examined the relative usage of Jk1-5 regions in splenic B cells using a degenerate VkD primer and the Mar35 primer (Fig. 5A-C) . We found that each of the four functional Jk regions was used in VkJk joining in Sis 2/2 mice at equivalent levels compared with those of WT controls (Fig. 5B, 5C ). To determine whether total rearrangement levels might be more extensive in Sis 2/2 mice compared with WT mice, we used a real-time PCR assay to evaluate the germline levels of Igk sequences in pro-B, pre-B, and k + bone marrow and splenic cells from Sis 2/2 mice and corresponding samples from WT controls (Fig. 5D) . We found that the germline levels of Igk sequences between Sis 2/2 mice and WT counterparts in each of these samples were almost identical, which indicated that the total Vk-Jk rearrangement did not increase after deletion of Sis from the endogenous locus (Fig. 5D ). We also confirmed that the percentage of Igk germline sequences in bone marrow were at the same level as in splenic Igk + cells in WT and Sis
mice samples using a Southern blotting assay (data not shown). In addition, we observed very similar levels of gene rearrangement between WT and Sis 2/2 alleles after breeding to achieve heterozygotic genetic backgrounds in which one Igk allele was prerearranged in the Vk8-Jk5 knockin mouse line (34) (Fig. 5E) . We also used a real-time PCR assay to evaluate rearrangement to the RS element in l-producing splenic B cells from WT and Sis 2/2 mice using the degenerate VkD primer and primer RS101 (Fig.  5A ). This assay revealed that Vk-RS rearrangement was ∼1.2-fold higher in Sis 2/2 mice samples (Fig. 5F ). Finally, we found that (52), we found strikingly high levels of these modifications in the Jk1 region in WT mice samples, and although very high, these levels were reduced 2-3-fold in Sis 2/2 samples (Fig. 6A, 6B) . Among the Vk genes assayed, the most significant enrichments were observed for the far upstream Vk2-139 gene (Fig. 6A, 6B) , which notably showed a 2-fold lower level of the H3K4me3 + epigenetic mark in Sis 2/2 samples (Fig. 6B) ; this reduction correlated with the reduced usage of this Vk gene in primary rearrangement events (Fig.  4B-D) . Germline transcription of the Igk locus in pre-B cells has long been thought to increase locus accessibility to the recombinase apparatus and has been correlated with the process of Vk-Jk joining (38, 53) . Therefore, we assayed for germline transcripts in pre-B cells from WT and Sis 2/2 mice, arising from the 59 germline promoter upstream of Jk1 (54), as well as for numerous other germline transcripts arising from different specific Vk genes. As shown in Fig. 6C , we observed a general 1.5-3-fold increase in the steady-state levels of germline transcripts derived from proximal and distal regions in the locus that did not correlate with the patterns observed for Vk gene usage. This observed overall increase in germline transcription throughout the locus may be a consequence or a cause of reduced pericentromeric heterochromatin localization. These results are consistent with our previously published results, using artificial reporter-gene constructs, that Sis acts as a pre-B cell-specific transcriptional silencer (22) . Sis is known to bind Ikaros and CTCF in pre-B cells (23, 27) , proteins previously documented to silence sequences near their binding sites (24) (25) (26) (28) (29) (30) (31) (32) . Hence, the preferential rearrangement of proximal Vk genes in Sis 2/2 mice might be explained by the hypothesis that these Sis-associated proteins reduce the accessibility of proximal Vk genes to the recombination machinery.
To specifically address the effects of Sis deletion on the recruitment of these proteins, we sheared cross-linked chromatin from pre-B cells of Sis +/+ and Sis 2/2 mice to fragments 1-2-kb long, so that a 39 adjacent primer pair could be used to detect sequences common to Sis 2/2 and WT alleles after ChIP by realtime PCR assays (Fig. 6D, top panel) . After immunoprecipitation with anti-Ikaros or anti-CTCF Abs, we found that the assayed sequences in Sis + alleles were significantly enriched relative to their sequence frequencies in input chromatin DNA samples (Fig.  6D) . By contrast, immunoprecipitated samples from Sis alleles exhibited no enrichment in the sequences assayed for over their abundance in total input chromatin (Fig. 6D) . We concluded that Sis plays an essential role in cis for the recruitment of Ikaros and CTCF to the Igk locus V-J intervening sequence in pre-B cells.
Sis
2/2 mice still exhibit normal Igk locus contraction and looping in pre-B
cells
Previous studies using 3D FISH revealed that at the onset of V(D)J rearrangement of IgH and Igk loci, the corresponding alleles exhibited contraction and looping (10, 12) . Furthermore, when IgH locus contraction is reduced in several genetically engineered mouse models, only proximal Vh genes are favored for rearrangement, which results in a skewed repertoire (12, (17) (18) (19) . By analogy, we hypothesized that contraction and looping may be reduced in Igk loci of Sis 2/2 mice pre-B cells and may account for the preferential usage of proximal Vk genes. To test this possibility, we performed two-color 3D FISH experiments using Igk BAC probes corresponding to 59 and 39 locations in the locus and quantitated the extent of contraction of the locus in pre-B cell samples from WT and Sis 2/2 mice. However, as shown in Fig. 7 , WT and Sis 2/2 Igk alleles exhibited an essentially identical extent of contraction. In addition, when we used three-color 3-D FISH to examine looping in Igk loci, we also observed very similar images in WT and Sis 2/2 pre-B cell samples (data not shown). Therefore, we concluded that within the limits of sensitivity of these assays, Sis plays no obvious role in conferring interactions between distal and proximal sequences in the Igk locus in pre-B cells that contribute to contraction and looping.
Discussion
In an earlier study, we demonstrated that Sis could target 225-kb germline Igk transgenes to pericentromeric heterochromatin in pre-B cells (23) . In the present investigation, our results revealed that the element is largely responsible for monoallelic targeting of the entire 3.2-Mb endogenous loci to such heterochromatin domains. This deserves special appreciation, considering the fact that Sis only represents ∼0.12% of the total sequences by length in the locus. Even more remarkable, Sis is also largely responsible for targeting IgH loci to such heterochromatin domains. Previous studies showed that IgH and Igk loci associate at pericentromeric heterochromatin in pre-B cells and that this interchromosomal interaction requires the Igk 39 enhancer (20) . We found that IgH and Igk loci still interact in pre-B cell nuclei from Sis 2/2 mice, but like Igk alleles, IgH alleles no longer become localized to heterochromatin. Therefore, we concluded that Sis is required trans-chromosomally for localization of IgH to pericentromeric heterochromatin by a piggy-back mechanism. In Sis 2/2 pre-B cells, we observed a significant decrease in the frequency with which IgH and Igk were positioned at pericentromeric heterochromatin. However, despite their euchromatic location, allelic and isotypic exclusion remained intact. In this context, homologous pairing may be the signal for initiating allelic exclusion in Ig loci (10, 16) , just as pairing between maternal and paternal X chromosomes is known to be linked to the process of X-inactivation in developing female cells (42, 55, 56) . We already know that RAG-mediated pairing of homologs triggers repositioning of one Igk allele to pericentromeric heterochromatin and that repositioning of Igk in pre-B cells normally occurs in an apparently stable manner: ∼70% of cells have one allele repositioned at pericentromeric regions. In contrast, in the absence of RAG, pairing and association of Igk are significantly reduced. Interestingly, in the absence of Sis, homologous pairing of Ig alleles remained unaffected (Supplemental Table IIH , I), whereas in contrast, association with pericentromeric heterochromatin was significantly reduced. Pairing of Igk homologs and repositioning of one allele to pericentromeric heterochromatin could still occur, but stable localization is likely antagonized by the elevated levels of Igk germline transcription that are found in Sis 2/2 pre-B cells. (53) . However, when we assayed for germline transcripts in pre-B cells from Sis 2/2 mice, we observed a general 1.5-3-fold increase in the steady-state levels of these components derived from proximal and distal regions in the locus that did not correlate with the patterns observed for Vk gene usage. We also assayed for the epigeneticpositive histone marks that were reported to be heavily enriched in the Jk region in pre-B cells (52) . Although acetylation levels did not correlate with altered Vk gene usage in Sis 2/2 mice pre-B cells, we observed a 2-fold reduction in H3K4me3 levels in the far upstream Vk2 gene, which did correlate with its reduced usage in primary rearrangements. We previously demonstrated that Sis acts as a silencer for the rearrangement of forward-orientation Vk genes located at distances $190 kb away from Jk1 when present in ectopically integrated germline mouse Igk transgenes (23) . We found that deletion of Sis from such transgenes resulted in a 5-7-fold increase in Vk gene rearrangement in bone marrow (23) . Our current results are extremely consistent with these earlier findings and provide direct evidence for such silencer activity of nearby Vk genes in the native locus. The silencer activity seems to progressively dissipate the further the Vk gene is away from Sis and is no longer effective when Vk genes reach distances .650 kb away from Sis. In addition, we have evidence from Vk gene usage in presumptive edited rearrangements that the recombination silencing activity of Sis is a function of its distance from the Vk gene to be used for rearrangement and not the distance of Sis from Jk1. The primary function of Sis in repertoire specification may be to dampen the recombination frequencies of Vk genes very close to the Jk regions, so as to even out the usage of more distal Vk genes spanning the entire 3-Mb locus, as well as to provide a complementary enhancing effect on distal Vk gene usage.
In conclusion, our results revealed that Sis is a multifunctional cis-acting element, which is involved in subnuclear targeting of germline Ig sequences in cis and in trans, as well as in specification of the repertoire in rearranging alleles. We hypothesize that these functions should be separable, because the element itself possesses four DNase I-hypersensitive sites in chromatin and is associated with at least two DNA-binding proteins. Ikaros is known to have a DNA-binding domain and a protein-interaction domain, and the protein forms homo-and heterodimers with interacting partners through its protein-interaction domain (59) . Ikaros is associated with Sis, and it is specifically associated with g-satellite DNA sequences, which are also localized in pericentromeric heterochromatin (60) . Hence, Ikaros homodimer formation between complexes bound to Sis and g-satellite could be responsible for pericentromeric heterochromatin targeting. CTCF is an insulator-binding protein associated with silencing the activity of adjacent enhancers, and it can play roles in DNA looping and association with cohesin (28) (29) (30) (31) (32) (61) (62) (63) (64) (65) . We propose that the known association of Sis with CTCF and cohesin (27) may be involved in the local silencing of proximal Vk genes to dampen their usage in recombination, as well as in alterations in higherorder chromatin looping enhancing distal Vk gene usage in recombination. Site-directed mutagenesis experiments in the future may offer support to these proposals. Table S1 ).
The PCR reaction program was: 94°C 3 min followed 35 cycles of 94°C 30s, 60°C 30s, Sis3cChIP-f 5c-CAATTCAAAGTTGGGTCAAAGGC-3c
Sis3cChIP-r 5c-GCAATTCTTTTTCACTCTGTAGCTGG-3c
Sis-ko 5c-CCTGACCCTCTTCCTCCGTGAGTGT-3c
Sis-ko-u 5c-AGCTCCTGCCTCAGTGATCCCATG-3c Fisher's Exact Test (Two tail) was used to evaluate statistical differences of the pooled events of WT and Sis-/-.
